Direct measurement of the Wigner time-delay 
for the scattering of Hght by a single atom 
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We have implemented the gedanken experiment of an individual atom scattering a wave packet of near-resonant 
light, and measured the associated Wigner time-delay as a function of the frequency of the light. In our 
apparatus the atom behaves as a two-level system and we have found delays as large as 42 nanoseconds at 
resonance, limited by the lifetime of the excited state. This delay is an important parameter in the problem of 
collective near-resonant scattering by an ensemble of interacting particles, which is encountered in many areas 
of physics. © 2012 Optical Society of America 
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The scattering of an incident wave, whether classi- 
cal or quantum, upon a single particle is not an in- 
stantaneous process. In 1955, E.P. Wigner showed that 
the time-delay associated to the elastic scattering of a 
wave upon a scatterer is the derivative of the phase 
shift aquired by the incident wave with respect to its 
energy [1]. Later F.T. Smith pointed out that this so- 
called Wigner delay is the lifetime of a resonant state 
excited during the scattering [2], therefore being largest 
at resonance. Since its derivation, the Wigner delay has 
been used as an important parameter in the problem of 
near-resonant scattering in dense media, as it governs 
the transport of energy [3-8] . 

Scattering processes are common in many areas of 
physics, and therefore many systems are candidates for 
the measurement of this delay. However, in most systems 
it is expected to be very short, explaining why experi- 
mental demonstrations are scarce and have required in- 
volved techniques. In 1976, a delay in the 10~^^ s range 
was measured in the elastic near-resonant scattering of 
protons on a target of carbon using interferences in the 
bremsstrahlung radiation [9]. The advent of ultra-short 
pulse laser-based metrology made it possible to measure 
time-delays associated to the scattering of light by con- 
densed matter systems or by atomic vapors. Femtosec- 
ond laser techniques, for instance, allowed to measure 
delays of a few femtoseconds associated to the bouncing 
of light off a metallic surface in the vicinity of a plasmon 
resonance [10]. More recently, attosecond metrology led 
to the measurement of delays in the 10 — 100 attoseconds 
range in the photo-emission from a surface [11] or from 
a vapor [12,13]. Yet, the gedanken experiment imagined 
initially by Wigner has never been realized, i.e. the di- 
rect measurement of the time-delay induced by a single 
scatterer upon an incident wave. Here, we do so by send- 
ing a gaussian wavepacket of near-resonant light on an 
isolated individual atom and by scanning the frequency 
of the light across an atomic resonance. 

The Wigner delay can be understood in a semi- 
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Fig. 1. (Color on-line) (a) Implementation of the Wigner 
gedanken experiment : we excite a single atom by a pulse 
of light and measure the arrival time of the scattered 
pulse on a photon counter. We use the large numerical 
aperture (N.A.= 0.5) lens to isolate a single atom with 
a tightly focused laser beam (not shown), and collect 
the scattered photons efficiently, (b) Atomic levels used 
in the experiment. The transition at Aq = 27rc/cJo = 
780 nm between \g) and |e) is closed, making the atom 
behave as a two-level system. 

classical model where a two-level atom elastically scat- 
ters a classical light field. In the limit of weak intensi- 
ties, the atom responds linearly to the incoming light 
field, and the associated dispersive behaviour leads to a 
time delay of the re-emitted field that is maximum at 
resonance and is given by rw = d(j)/duj. Here, uj is the 
frequency of light, (l){uj) = arctan( 2(ujo-uj) ) phase 
of the atomic polarizability [14,15], ujq is the frequency 
of the atomic resonance, and F is the inverse lifetime of 
the excited state |e) (see fig. 1). rw is thus given by 
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When the incident wave is a weak pulse of light, the 
scattered field amplitude is obtained by adding coher- 
ently the scattered amplitudes associated to each Fourier 
component of the incident pulse, and rw is the delay in 
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the arrival time of the pulse envelope, induced by the 
presence of the atom [1,2,4,14]. In the particular case 
of a gaussian pulse of light with root-mean-square (rms) 
duration At l/T and small intensity (///sat 1), the 
scattered pulse is undistorted, with an intensity given by 
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Here, cjl is the center frequency of the laser pulse spec- 
trum, t is time, r is the distance between the observer 
and the scatterer, and c is the velocity of light. In the 
limits mentioned above, we thus expect a scattered pulse 
that is gaussian in temporal shape and maximally de- 
layed at resonance by rw(^o) = 2/r, which can reach 
several tens of nanoseconds for optical transitions of e.g. 
alkali atoms. 

To check this prediction experimentally, we use a sin- 
gle cold ^^Rb atom that we initially isolate in an optical 
dipole trap with microscopic size [16]. We first prepare 
the trapped atom in the hyperfine ground state level 
{^Si/2^F = 2). We then release it in free space and 
illuminate it with a series of weak gaussian pulses of 
circularly polarized near-resonant laser light at 780 nm 
(see fig. 1). Using a large numerical aperture lens, we 
collect the photons scattered at 90° with respect to the 
direction of excitation and coupled them into a fiber- 
coupled avalanche photodiode in single photon counting 
mode. The signal is sent to a counting card with a few 
nanoseconds resolution. The excitation light is produced 
from a continuous laser locked on the (5S'i/2,/^ = 2) to 
(5/3/27 = 3) transition. We chop this light into pulses 
with a gaussian temporal shape using an acousto-optic 
modulator and a fast arbitrary waveform generator. We 
set the peak intensity / of the pulse to ///sat = 0.1 
(/sat = 1-6 mW/cm^) to operate in the weak excita- 
tion limit. For the temporal width of the pulses, we 
choose At = 66 ns sufficiently large to approach the 
limit At ^ 1/r (here, l/T = 26 ns), and sufficiently 
small to determine with a good accuracy the tempo- 
ral center of the scattered pulse, and thus the time- 
delay rw (see fig. 2a). The acousto-optic modulator al- 
lows us to tune the center frequency cjl of the laser 
light around the frequency CjOq of the closed transition 
between the states \g) = \5Si/2^F = 2,Mf = 2) and 
|e) = |5P3/2,/^' = 3,MF = 3) K 

To maximize the number of collected photons scat- 
tered by the same atom we use a time sequence where 
we interleave excitation pulses in free space with recap- 
turing periods of 1.3 /is [17]. After 50 such excitation- 
and-recapture periods, photon scattering has heated the 
atom and the probability that the atom escapes the trap 
has increased. We therefore apply a 1 ms period of three- 
dimensional laser-cooling with the dipole trap on. We 
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tion pulses. During the excitation, repumping light tuned to the 
(5Si/2tF = 1) to (5P3/2,i^^ = 2) transition is also sent onto the 
atom. 
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Fig. 2. (Color on-line) (a) Measured intensity of the ex- 
citation pulse (dotted line) with temporal width At = 
66 ns. (b) Histograms of the number of photons detected 
after scattering for S = (cjl — ^o)/r = (0; —0.3; 2). The 
time bins are 5.9 ns. In (a) and (b), the solid lines are 
gaussian fits of the data. In (b), the rms widths of the 
scattered pulses are, respectively, (73; 73; 65) ns in agree- 
ment with the solutions of the optical Bloch equations 
(see text). 



repeat this pattern 120 times, corresponding to a total 
of 6000 pulses sent onto the same atom before we start 
again with a newly prepared atom. 

Figure 2b shows the temporal responses obtained on 
the photon counter for different values of the detuning 
6 = (cjl — co'o)/r of the laser. Each temporal response 
results from an integration over 2000 individual atoms 
having experienced the sequence described above, and is 
fitted with a gaussian to extract the arrival time of the 
scattered pulse and the value of its peak intensity. At 
resonance, the scattered pulse is maximally delayed (and 
most intense), as expected from eqs. 1 and 2. Figure 3 
summarizes the variation of the arrival time versus the 
detuning of the excitation light. The comparison to far 
off-resonance measurements reveals a Wigner time-delay 
Tw as large as 42 ± 2 ns at resonance, not far from the 
2/r = 52 ns predicted by the semi-classical model. The 
discrepancy is actually due to the conditions At l/T 
and ///sat 1 not being exactly fulfilled experimentally. 
In particular, the latter condition means that the scat- 
tering is not only elastic, as implicit from the model dis- 
cussed above, but has also a small inelastic component. 
To take this into account, we solved the optical Bloch 
equations for a two-level atom [15], using the measured 
shape of the excitation pulse as a driving term. This 
yields the temporal evolution of the population 7Te{t) in 
state |e), proportional to the scattered pulse intensity 
I{t). For our experimental parameters I{t) is also gaus- 
sian to a very good approximation, which allows us to 
identify unambiguously the Wigner delay ^. This second 
model predicts a maximum delay of 42 ns at resonance, 
in very good agreement with the measured delay. 

To characterize the scattering process fully we also 
analyze the number of collected photons as a function of 



^We also note that the optical Bloch equations predict a tem- 
poral width of the scattered pulse that varies slightly with the 
detuning (see fig. 2). 
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Fig. 3. (Color on-line) Time-delay of the scattered light 
pulse versus the detuning (5 = (cjl — ^o)/r of the excita- 
tion laser. The dashed and solid lines correspond, respec- 
tively, to the prediction of eq. (1) and to the solution of 
the Bloch equations for a two-level atom excited by the 
pulse shown in fig. 2a. The vertical error bars are from 
the fits of the scattered pulses; the horizontal error bars 
correspond to an rms uncertainty of O.IF on the laser 
frequency. Inset: number of scattered photons detected 
on the avalanche photodiode versus ^. The solid line is 
the solution of the Bloch equations. 
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the excitation detuning S. To do so, we integrated the 
temporal signal obtained on the avalanche photodiode. 
The data are again in good agreement with the solution 
of the optical Bloch equations, and exhibit a full- width 
at half maximum of 1.2F (see inset in fig. 3), larger than 
the lorentzian profile predicted by eq. (2). 

In conclusion, we have measured the time-delay 
introduced by an individual atom in an essentially 
elastic scattering process. We have found delays as large 
as 42 ns in good agreement with the theoretical limit 
predicted by the optical Bloch equations. In the future 
it will be interesting to extend these measurements to 
the case of dense ensembles of cold interacting atoms to 
probe collective scattering [3]. 
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